The objective is to evaluate the evidence regarding octreotide's efficacy as a treatment for sulfonylurea-induced hypoglycemia. A search of PubMed for articles published from 1965 to 2008 using combinations of the terms octreotide, antidote, sulfonylurea, overdose, poisoning, and toxicity was performed. References from identified articles were reviewed for additional sources. Animal studies, case reports, case series, and randomized controlled trials were evaluated. An animal model of sulfonylurea overdose demonstrates that octreotide reduces the number of refractory sulfonylurea-induced hypoglycemic episodes. Published case reports describe the use of octreotide to prevent recurrent hypoglycemia after sulfonylurea overdose. A retrospective case series demonstrates that administration of octreotide decreases the need for supplemental dextrose boluses as well as hypoglycemic events. Two prospective, controlled trials determined that octreotide and supplemental dextrose increase blood glucose concentrations with fewer hypoglycemic events. Based on animal and human data, there is sufficient evidence to recommend the use of octreotide with supplemental dextrose for the treatment of sulfonylurea-induced hypoglycemia.
Introduction
Sulfonylurea overdose results in hypoglycemia. In some cases, management of sulfonylurea overdose with intravenous dextrose leads to hyperglycemia which promotes insulin release from the pancreas and recurrent hypoglycemia. Evidence of octreotide's efficacy as a treatment for sulfonylurea-induced hypoglycemia was sought. One author (PD) performed a search of PubMed for sources dated from 1965 to 2008 using combinations of the terms octreotide, antidote, sulfonylurea, overdose, poisoning, and toxicity. References from identified articles were reviewed for additional sources. Identified articles, including animal studies, case reports, case series, and randomized controlled trials were evaluated. This article describes the toxicity and mechanism of sulfonylureas as well as evidence regarding the use of octreotide for sulfonylurea-induced hypoglycemia.
Background
The incidence of type 2 diabetes mellitus in the USA is growing [1] . The most often prescribed drug class for management of patients with type 2 diabetes is the sulfonylureas. In 2007, there were 4,384 sulfonylurea exposures reported to the American Association of Poison Control Centers National Poison Data System, accounting for 34% of overdoses from oral hypoglycemics and antihyperglycemic drugs [2] . For single-substance exposures to oral sulfonylureas, 84% were unintentional (e.g., accidental or therapeutic error) and 50% involved children under 6 years of age. Reflecting their high potential for toxicity, 72% of single-substance oral sulfonylurea exposures were managed in a healthcare facility.
Sulfonylurea Toxicity
Sulfonylurea overdose is associated with hypoglycemia. Onset of hypoglycemia may be delayed up to 12 h, and duration may be prolonged for days after overdoses. Patients who are hypoglycemic experience dizziness, weakness, headache, confusion, lethargy, slurred speech, coma, and seizures. Other clinical effects include tachycardia, palpitations, nausea, and diaphoresis. Protracted hypoglycemia can result in death.
Sulfonylureas have a narrow therapeutic index. Case reports and several studies on sulfonylurea overdose in children have found that hypoglycemia occurs with single tablet ingestions [3, 4] . Hypoglycemia usually occurs within 8 h but may be delayed in patients treated with prophylactic intravenous glucose [4] [5] [6] . In adults, hypoglycemia with therapeutic use may be due to wrong dose, double dosing, drug interactions, impaired drug metabolism, or decreased drug excretion. Potential for hypoglycemia associated with dosage increases is well described, especially in older patients, sometimes with fatal outcomes [7, 8] . Review of national poison center data found 14 sulfonylurea-associated fatalities reported between 1992 and 1996 in adults aged 18 to 79 years [9] . Eleven cases were the result of suicides and involved co-ingestants.
Sulfonylurea-Induced Recurrent Hypoglycemia
A potential complication of treatment of sulfonylurea-induced hypoglycemia with intravenous dextrose is recurrent hypoglycemia. Dextrose administration results in hyperglycemia which in turn potentiates insulin release from the pancreas leading to recurrent hypoglycemia. Re-administration of dextrose perpetuates this cycle, resulting in high dextrose requirements and the need for frequent monitoring of blood glucose levels.
Mechanisms of Action of Sulfonylureas
Pancreatic β cells release insulin in response to elevated blood glucose. The pancreatic β cells metabolize glucose which generates ATP and increases the ATP/ADP ratio. This in turn leads to closing of a membrane ATP-sensitive potassium channel which results in membrane depolarization, calcium influx, and insulin secretion [10] (Fig. 1) . Patients with type 2 diabetes have some degree of pancreatic insulinreleasing function but exhibit impaired insulin secretion and peripheral insulin resistance. Sulfonylureas potentiate insulin release in these patients as well as in normal subjects. Sulfonylureas bind to the sulfonylurea receptor type 1 (SUR1) on pancreatic β-cell membrane, which is associated with ATP-dependent potassium channels. Potassium channel activity is inhibited preventing potassium efflux which leads to membrane depolarization, opening of voltage-gated calcium channels with influx of calcium which subsequently results in insulin release [11, 12] . Sulfonylureas differ in their binding affinity to SUR1; the greater the affinity, the greater the potency of the drug.
Clinical Management: Prevention and Initial Management of Hypoglycemia
Ideally, the primary goal of treatment of sulfonylurea overdose is prevention of hypoglycemia. A secondary goal is the return of euglycemia in patients who develop hypoglycemia. Patients with recent acute sulfonylurea overdoses should receive activated charcoal if mental status is deemed adequate [13] . Carbohydrate-containing food can be provided to patients if they are awake and alert enough to eat and protect their airway. Blood glucose concentrations should be measured once every hour for asymptomatic patients or more frequently for those with signs or symptoms of hypoglycemia.
The management of sulfonylurea-induced hypoglycemia initially includes the administration of rapidly metabolized carbohydrates, such as intravenous dextrose or oral glucose tablets and gels, followed by a continuous intravenous infusion in order to try to prevent recurrent hypoglycemia [14] . Bolus doses of dextrose are usually 0.5-1.0 g/kg given intravenously. Adults are typically provided a 50-mL bolus of 50% dextrose (25 g) while children and infants are given 2 mL/kg boluses of 25% and 5 mL/kg of 10% dextrose, respectively. Repeated boluses and titration of the continuous intravenous dextrose infusion may be required for sulfonylurea-induced refractory hypoglycemia. Patients with renal insufficiency or heart failure may have difficulty with fluid overload from the continuous intravenous infusion of dextrose-containing free water [15] . If this initial therapy with intravenous dextrose does not adequately address the hyperinsulinemic state produced by the sulfonylurea, then other treatments should be considered.
Glucagon and Diazoxide
Therapy with glucagon or diazoxide was used historically. Glucagon binds to hepatic glucagon receptors and promotes glycogenolysis and gluconeogenesis. However, glucagon also promotes insulin secretion by the pancreas, which can further worsen the hyperinsulinemic state caused by sulfonylureas, by causing an increase in blood glucose concentrations as well as by binding to pancreatic receptors [16] (Fig. 1) . Diazoxide opens pancreatic potassium channels, causing a hyperpolarized state which prevents the opening of voltage-gated calcium channels, thereby blocking the influx of calcium and subsequent secretion of insulin [17] (Fig. 1 ). Risks associated with diazoxide include hypotension, tachycardia, and sodium and fluid retention. According to the Food and Drug Administration (FDA) website, intravenous diazoxide is no longer being manufactured [18] . Therapy with glucagon and diazoxide has fallen out of favor with increased use of octreotide.
Octreotide
The long-acting, synthetic somatostatin analog, octreotide, is FDA-approved for the treatment of acromegaly, metastatic carcinoid symptoms, and vasoactive intestinal secreting tumors [19] . It has also been used for the cessation of upper gastrointestinal bleeding [20] and to correct refractory hypoglycemia caused by sulfonylurea overdoses [21] [22] [23] [24] [25] [26] [27] . Octreotide can be administered either intravenously or subcutaneously, with both routes having equivalent bioavailability [28, 29] (Table 1) . A once-monthly injectable depot formulation of octreotide is available (Sandostatin LAR®; Novartis Pharma, Basel, Switzerland) but is not indicated for use as an antidote for sulfonylurea-induced refractory hypoglycemia. The depot formulation releases octreotide slowly via microsphere degradation, precluding its use in acute sulfonylurea overdose. Its duration of action would also be expected to substantially outlast the length of therapy required.
Octreotide is well-tolerated [30] . Adverse effects associated with the administration of octreotide are usually mild (Table 1) . Bradycardia and prolongation of the QTc interval have been reported, but coincide with long-term, chronic use of octreotide in acromegalics [19] . Accidental overdoses of 2,400 to 6,000 µg/day have occurred, causing mild similar symptoms as described above, indicating that octreotide has a wide therapeutic window. Adverse effects of octreotide in pediatric patients have been reported to the FDA [31] . Most of these cases involved children aged less than 6 months old who were administered octreotide for indications not approved by the FDA and for longer periods of time than required for treatment of sulfonylurea overdose. None of these children were administered octreotide for correction of sulfonylurea-induced hypoglycemia. Adverse effects reported included hypotension, bradycardia, hyper-and hypoglycemia, hypoadrenalism, metabolic acidosis, fluid retention, necrotizing entercolitis, and osteonecrosis. The potential benefit of administering a few doses of octreotide to a child with life-threatening sulfonylurea-induced hypoglycemia likely outweighs the risk of developing the adverse effects documented with longer durations of therapy. However, with only three published case reports of octreotide administration for sulfonylurea overdose in children under 6 years of age, close monitoring for adverse effects is advised [23, 26] .
Mechanism of Action of Octreotide
Patients who developed hypoglycemia with therapeutic doses of sulfonylureas have been given supplemental dextrose and octreotide, with subsequent correction of the hypoglycemia [15, 32] . Octreotide prevents rebound hypoglycemia after treatment of sulfonylurea overdose with dextrose. By mimicking somatostatin, octreotide suppresses the secretion of gastrin, cholecystokinin, growth hormone, glucagon, and insulin [19] . Voltage-gated calcium channels on pancreatic beta cells are bound by G-protein-coupled somatostatin-2 receptors. When octreotide binds to the somatostatin receptors, the calcium channels close, preventing the influx of calcium and subsequent secretion of insulin (Fig. 1) . This mechanism lends to the effectiveness of octreotide for treatment of sulfonylurea-induced hypoglycemia, as it binds "downstream" from where sulfonylureas exert their effects on the β cells and prevents an event necessary for the secretion of insulin. Animal studies, case reports, case series, and clinical trials were reviewed for evidence of octreotide's efficacy in treating sulfonylurea-induced hypoglycemia.
Animal Study
Gul et al. investigated the effectiveness of three doses (25, 50, 100 µg) of octreotide in a rabbits following oral administration of gliclazide 100 mg [33] . There was a significant difference in supplemental dextrose doses and number of hypoglycemic events that occurred between the rabbits provided only intravenous dextrose and octreotide 25 and 100 µg. The authors concluded that a single dose of octreotide 100 µg reduces the number of refractory sulfonylurea-induced hypoglycemic episodes.
Case Reports and Case Series
There are numerous case reports describing treatment of sulfonylurea overdoses with octreotide. In 2002, Carr and Zed described glyburide overdoses in two patients with refractory hypoglycemia despite dextrose 50% boluses and 10% infusions who demonstrated fewer hypoglycemic episodes and lower dextrose requirements with octreotide 50 µg every 8 h for three doses [24] . These authors provide a summary of six previously reported cases that demonstrate the benefits of octreotide therapy. Subsequent to Carr and Zed's report, there have been 13 case reports on the treatment of sulfonylurea-induced hypoglycemia with octreotide, including two cases in young children [15, 22, [24] [25] [26] 32 ]. These 13 cases are summarized in Table 2 . Excluding the 22 patients who received 75 µg of octreotide reported by Fasano et al. (see discussion below), there were 11 patients with chronic sulfonylurea toxicity who received subcutaneous octreotide [15, 23, 25, 27, 32, 34] . Nine of these patients received from one to four 50 µg doses, and two patients received a single 100 µg dose. Of 11 patients with acute overdoses who received subcutaneous octreotide, patients received from one to four doses of 40 µg (N=1), 50 µg (N=7), and 100 µg (N=2); one additional patient was switched to 100 µg doses after an initial 50-µg dose [15, 23, 27] . Patients with acute overdoses who presented earlier received more octreotide. In the patients for whom this information was available, the four patients treated at 8 h or earlier after the overdose received three to four octreotide doses compared to one to two doses in the four patients treated after 8 h. Patients experienced an average of 3.3 pre-octreotide hypoglycemic episodes compared with 0.4 episodes post-octreotide. Comparing patients with chronic and acute overdoses, 36.4% and 30% of patients experienced hypoglycemic episodes post-octreotide, respectively. Including the 22 patients reported by Fasano et al., 42.4% of chronic toxicity patients experienced post-octreotide hypoglycemia [34] . All were single episodes except one acute and one chronic patient who each experienced two post-octreotide hypoglycemic episodes.
Retrospective Studies
McLaughlin et al. performed a retrospective chart review of nine patients who ingested either glyburide or glipizide in order to evaluate the effect of octreotide on glucose requirements and number of hypoglycemic episodes [27] . From one to four subcutaneous doses of octreotide doses D50W 50% dextrose in water 40-100 µg were administered. There were significantly more hypoglycemic events before octreotide (mean 3.2) as compared to after the administration of octreotide (mean 0.2, p=0.008). The number of dextrose boluses required to correct hypoglycemia was significantly decreased after octreotide (mean of 2.9 compared to 0.2 ampules, p= 0.004). The risk of developing sulfonylurea-induced refractory hypoglycemia was 27 times higher before treatment with octreotide as compared to after octreotide (p<0.001). The majority of the patients were administered octreotide 8 h or more after the time of ingestion. As time progresses after sulfonylurea poisoning and the drugs are metabolized and eliminated, the risks of developing hypoglycemia decrease. This fact confounds the idea that octreotide was solely responsible for decreasing the number of hypoglycemic events. Other limitations include a retrospective design and small number of cases.
Prospective Studies
Fasano et al. conducted a prospective, randomized, doubleblind, placebo-controlled trial to test the hypothesis that the addition of octreotide to standard intravenous dextrose therapy would increase blood glucose concentrations in patients with sulfonylurea-induced hypoglycemia [34] . Participants were adults who presented to an emergency department with hypoglycemia and were included in the study if their prescription medications included a sulfonylurea either alone or in combination with another oral antihyperglycemic agent or insulin. After initial correction of hypoglycemia plus intravenous 50% dextrose bolus along with a standardized oral carbohydrate regimen, patients were randomized to receive either a subcutaneous injection of octreotide 75 µg or a saline placebo. For the first 8 h after randomization, blood glucose concentrations of the patients in the octreotide arm were significantly higher than the concentrations of the patients in the placebo arm (p<0.0001). Ten of 22 patients (45%) experienced a single episode of blood glucose concentrations of less than 60 mg/dL after octreotide. Six of the 18 (33%) patients in the placebo group experienced hypoglycemia, but the events occurred more frequently (13 episodes). The only significant difference in the blood glucose concentrations between the treatment groups occurred between 4 to 8 h after the administration of octreotide. The investigators concluded that the addition of octreotide to standard therapy for sulfonylurea-induced hypoglycemia increases blood glucose concentrations for 8 h and that hypoglycemia occurs less often after the administration of octreotide.
Patients being prescribed both a sulfonylurea and insulin were included in the study; octreotide would not correct hypoglycemia from exogenous insulin. Thirty patients received a standard hospital food tray (average 600 calories) rather than the standard oral carbohydrate regimen (360 calories), which may confound the premise that octreotide was the only modality responsible for maintaining euglycemia or hyperglycemia. Boyle et al. performed a volunteer crossover study to test the hypothesis that octreotide and intravenous dextrose would be superior to conventional therapy of either intravenous dextrose or diazoxide and dextrose for the treatment of sulfonylurea poisoning [30] . To date, this is the only study comparing two different antidotes for the treatment of sulfonylurea-induced hypoglycemia. Eight volunteers received 1.45 mg/kg of glipizide. Blood glucose concentrations were measured until they were hypoglycemic, at which point a bolus of dextrose was administered, and the subjects were randomized to receive one of three different therapies: standard dextrose therapy (20% intravenous dextrose infusion), bolus intravenous doses of diazoxide 300 mg every 4 h and standard dextrose therapy, or a continuous intravenous infusion of octreotide 30 ng/kg/min and standard dextrose therapy. The dextrose infusions were adjusted to maintain euglycemia. Five hours after the ingestion of the sulfonylurea, the subjects were administered a second dextrose bolus to test for suppression of sulfonylurea-induced glucose-stimulated insulin release, and the time to hypoglycemia was calculated. After 8 h, the therapies were discontinued to examine if hypoglycemia would recur; subjects were provided intravenous dextrose if they developed hypoglycemia. Blood glucose concentrations of subjects given octreotide took 6.5 h to decrease to 85 mg/ dL after a 50% intravenous dextrose bolus, as compared to 3 h for the other two study groups (p<0.001). Dextrose requirements did not significantly differ between the dextrose-only and diazoxide groups but were significantly greater than the dextrose requirements of the octreotide arm (p<0.001). Only two patients in the octreotide group developed blood glucose concentrations less than 65 mg/ dL with the hypoglycemia occurring greater than 3 h after discontinuation of therapy. Blood glucose concentrations fell below 65 mg/dL within 1.5 h after stopping therapy in the other two arms for each subject. Plasma insulin concentrations were approximately five times greater with dextrose alone or in combination with diazoxide as compared with octreotide and dextrose (p<0.01). The investigators concluded that "octreotide is a physiologically specific, well tolerated antidote for the hyperinsulinemia induced by a large sulfonylurea overdose and should be strongly considered as a logical therapeutic alternative for this metabolic emergency." A strength of this study is the crossover design. However, only five volunteers completed the full study; three participants did not complete the diazoxide arm. The rates of adverse effects of the different treatments were not compared.
Neither of the prospective studies included patients with intentional, suicidal overdoses of sulfonylureas. This limits the generalizability of their findings. Suicidal patients usually ingest larger quantities may co-ingest other drugs and develop more severe prolonged clinical effects. Higher doses, and possibly more frequent dosing, of octreotide might be required in this subset of patients.
Summary
Based on animal and human data, there is sufficient evidence to recommend the use of octreotide with supplemental dextrose for the treatment of sulfonylurea-induced hypoglycemia in patients for whom supplemental dextrose alone is insufficient. Subcutaneous doses of 50-100 µg every 8 h will be effective in most patients with acute overdose or chronic toxicity. The dose and duration of octreotide administration are lower than those required for other indications, so adverse effects are expected to be less frequent when octreotide is used short term for sulfonylurea-induced refractory hypoglycemia. Future studies are needed to assess the extent to which the time post-ingestion of sulfonylurea at which octreotide is initiated impacts on the dose, dosing interval, and number of doses of octreotide required.
